We have developed a modified accumulated damage model that can be used to predict fatigue failure lives of solder joints in electronic devices. Our model calculates the fatigue failure life of solder on the basis of the damage that accumulates during crack propagation by using a finite element method and corrects for the dependence of element size on the calculated life by using the Hutchinson-Rice-Rosengren singularity theory. We predicted the fatigue lives of conventional and copper-core solder bump joints in ball-grid-array packages in thermal cycling tests. The good agreement between these predictions and experimental results indicates that our model can effectively predict fatigue failure life in solder joints.
However, that approach requires durability testing for each solder joint size and shape, and the lifetime measurements are time-consuming and expensive. To shorten the development time and expedite reliability improvements, there is a need for simulation techniques that enable quantitative prediction of the fatigue failure lives of various solder joint shapes.
Fatigue crack propagation in solder is measured at the test-piece level on the basis of nonlinear fracture mechanics, [3, 4] but there are few reports on applying simulation methods based on nonlinear fracture mechanics to solder joints because of the difficulty in creating the analysis model. [5] In recent years, simulation methods for reproducing the fatigue cracking path by evaluating the occurrence and development of fatigue cracking on the basis of the accumulated damage at each location in the solder joint have been proposed. [6] [7] [8] Although the accumulated damage model that we proposed [7] has the issue that the calculated fatigue crack propagation life is dependent on the crack tip element size, room-temperature fatigue crack propagation experiments with solder center-cracked plate (CCP) test pieces [12, 13] This paper was published in Journal of Japan Institute of Electronics Packaging, Vol. 14, No. 4 (2011), pp. 287-295 (in Japanese).
show that this problem can be solved by applying a correction factor calculated according to the Hutchinson-RiceRosengren (HRR) singularity theory. [9] [10] [11] We refer to this as the modified accumulated damage model.
In the work reported here, we tested the validity of the modified accumulated damage model by comparing the results for solder joint temperature cycle testing performed on two types of ball grid arrays (BGAs) with simulation results for fatigue failure life, crack propagation path, and dispersion in the fatigue failure life.
Temperature Cycle Testing Method[14]
The dimensions and material properties of the BGA package used in this research are shown in Fig. 1 . The solder bumps are arranged with a pitch of 0.5 mm. The package has a 9 × 9 array of bumps at the center and three rows of bumps around the outside for a total of 333 bumps. The BGA package is mounted on one side of an FR-4 board.
The lands on the BGA package have a solder mask defined (SMD) structure and the lands on the FR-4 board have a non-SMD (NSMD) structure. The package's land surfaces are covered with electrolytic Ni/Au. For the board's lands, the combination of Cu and organic solderability preservative (OSP) is generally used.
Two types of solder joints were evaluated: ordinary solder bumps (conventional bumps) and solder bumps that have a copper core and excellent resistance to thermal fatigue (copper-core bumps). The solder composition was Sn, 3.0 mass% Ag, and 0.5 mass% Cu (Sn-3Ag-0.5Cu) for both types. The copper cores were coated with a 2-µm Ni base layer.
The temperature cycle testing was performed in the temperature range from -40°C to 125°C, with a 20-minute cycle; 4000 cycles were performed for a set of 15 packages.
The number of cycles to fatigue failure lifetime was defined as the number of cycles at which the electrical resistance becomes twice the initial value under continuous monitoring of the resistance.
Fatigue Failure Life Prediction Method

BGA solder joint analysis model
To obtain a quantitative fatigue failure lifetime value for BGA solder joints by using the modified accumulated damage model, it is necessary to obtain the equivalent elastic strain range in the BGA solder joints. Because the BGA package used in the temperature cycle testing has 333 solder bumps, a two-step analysis method [15] was used to both reduce the analysis time and increase the analysis accuracy. Specifically, we used a global model that has relatively coarse elements for the solder bump to obtain the solder bumps where the strain is maximum, and then input the displacement calculated in the vicinity of those locations to a sub-model for crack propagation analysis.
For the finite element analysis, we used general-purpose software that was developed in house.
The global finite element method (FEM) model that we used for conventional bumps is shown in Fig. 2 . The conventional bump sub-model is shown in Fig. 3 (a) and the copper-core bump sub-model is shown in Fig. 3 (b) . The analysis region of the global model was restricted to 1/4 of the entire model by utilizing symmetry, and 20-node hexahedron elements were used for good accuracy. The sym- for conventional bumps and 219,456 for copper-core bumps, about seven times as many nodes as for sub-models using cubic elements with 10-µm sides.
Material constants and temperature load conditions
The material constants used in the analysis are listed in Table 1 . Materials other than the copper core and the solder were assumed to have isotropic elasticity. The plastic deformation behavior of the copper core was determined by a reverse analysis so that the load-displacement relationship of ball compression testing can be reproduced.
The material constants of the solder used were the values for Sn-3.5Ag-0.75Cu [2] because there are no measured values for Sn-3Ag-0.5Cu stress-strain behavior.
Those material constants were obtained by approximating measurements from torsion testing of thin cylindrical test pieces (cycling frequency: 0.01 Hz) using a multiplestep increasing amplitude method [17] (Fig. 4) with an elasto-plastic linear hardening model. The measured cyclic stress-strain behavior does not exhibit remarkable work hardening and softening over the entire temperature range, so the kinematic hardening rule was used. The approximate material constant, noted in Fig. 4 , does not have good accuracy for the strain range of 0.5% or less, but from the constraints of the finite element analysis software that we used and previous experience, [2, 7, 13, 15, 16] we decided to use it in this research.
Because the solder exhibits strain rate dependence of the stress-strain behavior and stress relaxation characteristics, the elasto-plastic creep model [1] or the visco-plastic model [18] describes the stress-strain behavior with higher accuracy than the elasto-plastic model does, but the computation time is longer. For that reason, the strain rate dependence was approximated by using data from the lowest possible cycling frequency (0.01 Hz) in the testing range as data that is close to the strain rate that occurs during the temperature cycle testing. The stress relaxation characteristic was ignored.
The range of plastic strain that occurs in the solder bump is obtained as half of the accumulated equivalent plastic strain that arises in one cycle, given 1.5 cycles of temperature loading and excluding the initial 0.5 cycles. [1] To reduce the computation time in the work reported here, however, we took the equivalent plastic strain that develops in the solder bump when a change in temperature from 125°C to -40°C is applied uniformly to the entire model as the temperature load to be the approximately equivalent plastic strain range. That approximation produces error, but we put priority on the computation time.
Accumulated damage model[7]
An overview of the accumulated damage model previously proposed [7] is presented in Fig. 5 . The region of the analysis object in which cracking is permitted to occur is divided into elements of equal dimensions and each element is assigned a number. Then, function f i , which represents the accumulated damage to each element, is initialized to 0. This function increases as damage to each element accumulates, and when it reaches a value of 1, that element has reached the end of its life (is removed).
Here, the subscript i is the element number.
Next, an elasto-plastic stress analysis that models temperature cycle testing or mechanical load testing is performed, and the equivalent plastic strain that arises in each element for one cycle of testing, Δε i peq , is computed. Next, the amount of damage for one cycle, Δ f i , is calculated from the plastic strain value for each element.
Here, C p and α p are coefficients of the Coffin-Manson rule, [19, 20] which shows the relation between the plastic strain range Δε p and the low cycle fatigue life N f .
From the obtained Δf i and the accumulated damage already incurred by each element f i , the number of cycles needed to reach the end of each element's life, ΔN i , is calculated using the following equation.
In the analysis, ΔN is the minimum value of ΔN i because the finite element analysis should be performed whenever the crack propagates and the object shape changes. Given that, the additional damage to each element caused by increasing the number of cycles by ΔN is given by the following formula.
The function f i excludes elements that are equal to or exceed (1-e), and the stress analysis is performed again for the changed shape. The term e is a constant for eliminating elements whose accumulated damage value is close to 1 and is introduced to reduce the number of repetitions of the stress analysis. In the work reported here, an e value of 0.1 was used.
Taking the calculations described above as one step and repeating that step, we can evaluate the accumulated damage for each element by the linear cumulative damage rule of Eq. (4), [21] and we can remove elements in order as they reach the ends of their lives. In this way, the crack path is calculated automatically and the crack propagation life for each the crack state is obtained at the same time.
By repeating this procedure from the initial shape up to failure, we can obtain the failure life.
In this research, the values obtained as the least-squares Fig. 5 Steps in method for predicting solder fatigue life. [7] approximation from the low-cycle fatigue data for Sn-3.5Ag-0.75Cu at the upper-limit temperature of the temperature cycle testing (125°C) [2] ( 
Crack propagation life correction method[12,
13]
What requires attention in the accumulated damage model is that the calculated crack propagation life is dependent on the element size. The reason for that dependence is a strain singularity in which the strain becomes abruptly large in the vicinity of the crack tip.
The strain singularity at the crack tip in solder and other materials that undergo plastic deformation was clarified theoretically by Hutchinson, [9, 10] Rice, and Rosengren [11] in the HRR singularity model. 
Here, α, σ 0 , ε 0 , and n are material constants that approximate the nonlinear relationship of the equivalent plastic strain ε peq and the equivalent stress σ eq of the material by the power law of Eq. (6), J is the J integral value, which is a nonlinear fracture mechanics parameter, I is the integral constant, r is the distance from the crack tip in a cylindrical coordinate system, and E ij (θ) is a dimensionless function that depends on the angle θ in the cylindrical coordinate system.
Because the J integral is the intensity factor of the strain distribution, we know from Eq. (5) that crack tip strain is proportional to the -n/(n+1) power of the distance r from the crack tip. Equation (5) holds for the vicinity of the twodimensional crack tip in an infinite region and is thus applicable for asymptotic solutions of crack tips for general crack shapes that include three-dimensional cracking.
Nevertheless, it does hold approximately for any crack shape when the material deformation behavior is modeled by Eq. (6).
Our proposed crack propagation life correction method using the HRR singularity model [13] is shown in Fig. 7 . (Fig. 7 (a) ).
The value of N UL is 25: the same as has been reported previously. [13] Because we know from Eq. 
Accordingly, the quantitative crack propagation life N corr can be calculated from life N calc , obtained by calculation, using Eq. (10) (Fig. 7(c) ).
In the crack propagation analysis of actual solder joints, ε EL calc changes in each step, so at step j of the repeated damage calculations, the life increase ΔN j calc is converted to quantitative crack propagation life increase ΔN j corr , using Eq. (11), which summarizes Eqs. (7), (8) , and (10). 
The material constant n of the power law of Eq. (6) is obtained by approximating the stress-strain behavior [2] of Sn-3.5Ag-0.75Cu for each temperature (Table 2 ). In the work reported here, the mean of the n values for all temperatures (8.6) was used to correct the calculated life.
Thus, the correction value µ is 0.942.
Results of Temperature Cycling Testing[14]
The Weibull plot of the fatigue failure life is shown in 
Results of Fatigue Failure Life Prediction
Crack propagation behavior
The equivalent plastic strain distribution of the solder joints of each global model for conventional and copper- core bumps is shown in Fig. 9 . For both, the maximum equivalent plastic strain occurred in the solder bumps in the BGA package corners, which is consistent with the test results. Therefore, we input the corner solder bump displacement to the sub-model and calculated the fatigue crack propagation behavior. The crack propagation behavior is shown in Fig. 10 (a) for the conventional bump and in A cross-section observation of a copper-core bump after 2200 cycles of temperature cycle testing [17] is presented in Fig. 11 (a) . Cracking has developed over most of the bottom of the copper core (board side), but only half that amount of cracking is seen at the top (BGA side). The crack propagation prediction results shown in Fig. 11 (b) are not perfectly consistent with the cross-section observation, but they do reproduce well the tendencies, such as greater crack propagation at the bottom of the copper core than at the top.
Ef fect of correcting for element size dependence
The crack propagation life and the crack shapes for each element size and each bump shape before and after correction for element size dependence are shown in Fig. 12 . The cracks are represented by the surfaces of equal accumulated damage of 0.5, as described in section 5.1 . The crack is determined by ε EL calc , the mean equivalent plastic strain range of the crack tip element. Thus, the change in L EL corr described above means that ε EL calc is large in the first step and decreases as the steps advance and thereafter has a roughly constant value.
Evaluation of the effects of factors affecting lifetime
In crack propagation analysis, a single value is obtained as the fatigue failure life, but in temperature cycle testing, 3000 cycles, which is often seen in the temperature cycle testing. We think that this results from the actual bump shape differing somewhat from the shape used in the analysis model (Fig. 11) . The 50% failure probability life of conventional bumps and copper-core bumps is roughly consistent with the fatigue failure life for SR opening diameters near φ0.26 mm. SR opening diameter deviations to about φ0.26 mm were considered, but the effects of other shape factors must also be studied and taken into account. 
